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IORZ LQWHUPLWWHQF\ DQG HIIHFWV RI FRKHUHQW VWUXFWXUHV DUH FKDUDFWHULVHG 7KH UHVXOWV
SUHVHQWHG LQ WKLV SDSHU UHYHDO WKDW WKH (006EDVHG FRPSXWDWLRQDO IOXLG G\QDPLFV
&)'VLPXODWLRQ LQFRPELQDWLRQZLWK WKH IOXFWXDWLQJ VLJQDO DQDO\VLVSURYLGHDQ LQ
GHSWK XQGHUVWDQGLQJ RI WKH LQWHUPLWWHQW IORZ EHKDYLRXUV LQ WKH ULVHU ZLWK *HOGDUW $













DQG KDQGOLQJ FDSDELOLW\ RI SDUWLFOHV &)%V DUH H[WHQVLYHO\ HPSOR\HG LQ LQGXVWULDO
SURFHVVHVVXFKDVIOXLGFDWDO\WLFFUDFNLQJ)&&S\URO\VLVRIFRDO)LVFKHU7URSVFK
V\QWKHVLVWRQDPHEXWDIHZ*HOGDUW$SDUWLFOHVHJSXOYHULVHGFRDO)&&SDUWLFOHV
DUH FRPPRQO\ XVHG DV WKH EHG PDWHULDOV RI &)%V 2ZLQJ WR WKH VPDOO VL]HV ORZHU
DSSDUHQWGHQVLWLHVDQGKLJKVSHFLILFVXUIDFHDUHDV*HOGDUW$SDUWLFOHVDUHKLJKO\SURQH
WRIRUPKHWHURJHQHRXVIORZVWUXFWXUHVW\SLFDOO\WKHSDUWLFOHFOXVWHUVXQGHUWKHFRPSOH[
JDVVROLG LQWHUDFWLRQV GXULQJ IOXLGLVDWLRQ 7KHVH IORZ VWUXFWXUHV DORQJ ZLWK WKH






WKHK\GURG\QDPLF FKDUDFWHULVWLFVRI WKH LQWHUPLWWHQW IORZEHKDYLRXUV LQ D&)%ZLWK
*HOGDUW$SDUWLFOHV'HVSLWHH[WHQVLYHVWXGLHVFRQGXFWHGRQ WKHH[SHULPHQWDWLRQDQG
VLPXODWLRQ RI &)%V ZLWK *HOGDUW $ SDUWLFOHV >@ WKH NQRZOHGJH DERXW IORZ
LQWHUPLWWHQF\LVVWLOOOLPLWHG%UHUHWRQDQG*UDFH>@GHULYHGDQLQWHUPLWWHQF\LQGH[
IURP WKH PHDVXUHG VXVSHQVLRQ GHQVLW\ IOXFWXDWLQJ VLJQDOV WR TXDQWLI\ WKH QRQ
XQLIRUPLW\RI WKH IORZILHOG LQD ULVHU7KLVSDUDPHWHUZDV WKHQXVHG WR LQGLFDWH WKH
RFFXUUHQFHRIIORZVWUXFWXUHVHJSDUWLFOHDJJORPHUDWHVSDUWLFOHFOXVWHUVDWDJLYHQ
ORFDWLRQ QDPHO\ WKH KLJKHU WKH LQGH[ YDOXH WKH VWURQJHU WKH LQIOXHQFH RI WKHVH
VWUXFWXUHV >  @ +RZHYHU WKH LQWHUPLWWHQF\ LQGH[ RQO\ RIIHUV D URXJK
TXDQWLILFDWLRQDQGLVIDUIURPGHVFULELQJWKHFRPSOH[LQWHUPLWWHQWIORZEHKDYLRXUVLQD
&)%,IUHIHUULQJWRVLQJOHSKDVHWXUEXOHQFHWKHIORZLQWHUPLWWHQF\GXHWRWKHSUHVHQFH
RI FRKHUHQW IORZ VWUXFWXUHV ZDV FKDUDFWHULVHG WKURXJK WKH DQDO\VLV RI IOXFWXDWLQJ
YHORFLW\ VLJQDOV XVLQJ WKH SURFHVVLQJ DSSURDFKHV VXFK DV HQHUJ\ VSHFWUD ZDYHOHW
 
WUDQVIRUP DQG DXWRFRUUHODWLRQ >@ 6XFK D PHWKRGRORJ\ KDV EHHQ DSSOLHG WR D












LV ZLGHO\ XVHG IRU WKH VLPXODWLRQ RI FRPPHUFLDO HTXLSPHQW RZLQJ WR LWV OHVV
FRPSXWDWLRQDOH[SHQVHWKDQWKDWRIWKHGLVFUHWHHOHPHQWPHWKRGDQGGLUHFWQXPHULFDO






VWUXFWXUH HIIHFWV RQ WKH LQWHUSKDVH LQWHUDFWLRQV ZLWKLQ D FRPSXWDWLRQDO JULG DUH
DFFRXQWHGIRU>@7KHUHIRUHWKH(006EDVHGWZRIOXLGPRGHOLQFRPELQDWLRQ
ZLWK WKH DIRUHPHQWLRQHG IOXFWXDWLQJ VLJQDO SURFHVVLQJ DSSURDFKHV RULJLQDWLQJ IURP
VLQJOHSKDVH WXUEXOHQFH LV QDWXUDOO\ VXLWDEOH IRU FKDUDFWHULVLQJ WKH UROHV RI IORZ
VWUXFWXUHVRQWKHIORZLQWHUPLWWHQF\LQD&)%+RZHYHUYHU\OLWWOHUHOHYDQWZRUNKDV
EHHQUHSRUWHGWRGDWH,QWKLVZRUNWKHWZRIOXLGPRGHOLQFRUSRUDWLQJWKH(006PRGHO
ZLWK FORVXUHV IURP WKH NLQHWLF WKHRU\ RI JUDQXODU IORZ LV XVHG WR VLPXODWH WKH ULVHU
VHFWLRQRID&)%ZLWK*HOGDUW$SDUWLFOHVEDVHGRQWKHH[SHULPHQWDOVHWXSE\/LDQG
.ZDXN >@ 7KH SUHGLFWHG IOXFWXDWLQJ VLJQDOV DUH IXUWKHU SURFHVVHG WR REWDLQ WKH
 
LQWHUPLWWHQF\LQGLFHVZDYHOHWIODWQHVVIDFWRUVSRZHUVSHFWUDRIVROLGVYROXPHIUDFWLRQ






RXUSUHYLRXVZRUN >@ H[FHSW IRU WKHVROLGVNLQHWLFYLVFRVLW\DQGGUDJPRGHOV
5HDGHUVFDQUHIHUWRWKHZRUN>@IRUPRUHGHWDLOHGLQIRUPDWLRQ7KHVROLGVNLQHWLF
YLVFRVLW\ s kinP LVFRPSXWHGIURPWKH*LGDVSRZPRGHO>@
    
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ZKHUH sU  LV WKH SDUWLFOH GHQVLW\ sd  WKH SDUWLFOH GLDPHWHU sH  WKH VROLGV YROXPH
IUDFWLRQ sT  WKHJUDQXODUWHPSHUDWXUH sse  WKHUHVWLWXWLRQFRHIILFLHQW ssg  WKHUDGLDO
GLVWULEXWLRQIXQFWLRQ
7KHLQWHUSKDVHPRPHQWXPH[FKDQJHLVGHVFULEHGE\WKH(006GUDJPRGHO>@
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
ZKHUH E  LVWKHLQWHUSKDVHPRPHQWXPWUDQVIHUFRHIILFLHQW gH  WKHYRLGDJH gU  WKH
JDVGHQVLW\ gu  DQG su  WKHYHORFLW\RIJDVDQGVROLGVSKDVHVUHVSHFWLYHO\ DC  WKH
GUDJIRUFHFRHIILFLHQW  gZ H  WKHKHWHURJHQHRXVLQGH[GHSHQGLQJRQERWKWKHORFDOO\
 
WUDQVLHQWDQGJOREDOO\DYHUDJHGLQIRUPDWLRQRIWKHWZRSKDVHIORZ gH  WKHFULWLFDOJDV
YROXPHIUDFWLRQFULWLFDOYRLGDJH gP  WKHJDVYLVFRVLW\ sRe  WKH5H\QROGVQXPEHU
,QWKLVZRUNWKHFRPSXWDWLRQVFKHPHSURSRVHGE\<DQJHWDO>@LVXVHGWRGHULYHWKH
H[SUHVVLRQV RI  gZ H  IRU GLIIHUHQW RSHUDWLRQ FRQGLWLRQV $ EULHI LQWURGXFWLRQ LV
SUHVHQWHGKHUHIRUWKHVDNHRIFODULW\DQGWKHUHDGHULVUHIHUUHGWR<DQJHWDO>@
IRUWKHGHWDLOV
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ZKHUH cM  DQG fM  DUH WKHQXPEHURISDUWLFOHVSHUXQLWYROXPH LQ WKHGHQVHDQG
GLOXWH SKDVHV UHVSHFWLYHO\ iM  WKH QXPEHU RI FOXVWHUV SHU XQLW YROXPH denseF  DQG
diluteF  WKHGUDJIRUFHRQDVLQJOHSDUWLFOHLQWKHGHQVHDQGGLOXWHSKDVHVUHVSHFWLYHO\
clusterF  WKHGUDJIRUFHRQDVLQJOHFOXVWHU f  WKHYROXPHIUDFWLRQRIWKHGHQVHSKDVH
cH  DQG fH  WKH YRLGDJH RI WKH GHQVH DQG GLOXWH SKDVHV UHVSHFWLYHO\ cld  WKH
K\GURG\QDPLF HTXLYDOHQW FOXVWHU GLDPHWHU DcC  DQG DfC  WKH HIIHFWLYH GUDJ
 
FRHIILFLHQWV IRU D SDUWLFOH LQ WKH GHQVH DQG GLOXWH SKDVHV UHVSHFWLYHO\ DiC  WKH
HIIHFWLYHGUDJFRHIILFLHQWIRUDFOXVWHU slip cU  slip fU  DQG slip iU  WKHVXSHUILFLDOVOLS
YHORFLWLHV LQ WKH GHQVH SKDVH GLOXWH SKDVH DQG LQWHUSKDVH UHVSHFWLYHO\ g  WKH
JUDYLWDWLRQDODFFHOHUDWLRQ a WKHDYHUDJHDFFHOHUDWLRQRISDUWLFOHVLQDFRQWUROYROXPH
7KHV\VWHPVWDELOLW\FRQGLWLRQLVH[SUHVVHGDV
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
ZKHUH stN  LVWKHPDVVVSHFLILFHQHUJ\FRQVXPSWLRQIRUVXVSHQGLQJDQGWUDQVSRUWLQJ
SDUWLFOHV TN  WKH PDVVVSHFLILF WRWDO HQHUJ\ FRQVXPSWLRQ IRU SDUWLFOHV gfU  WKH
VXSHUILFLDOJDVYHORFLW\LQWKHGLOXWHSKDVH gU  WKHVXSHUILFLDOJDVYHORFLW\
%\ VROYLQJ WKH UHOHYDQW QRQOLQHDU HTXDWLRQV ZLWK VSHFLILHG UJ GV DQG İJ WKH
KHWHURJHQHRXV LQGH[  gZ H  LV REWDLQHG 7KH GHULYHG H[SUHVVLRQV RI  gZ H  IRU
GLIIHUHQWRSHUDWLRQFRQGLWLRQVDUH
)RUUJ PVGV NJPāV>@
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WKHVROLGV LQOHWVDW WKHERWWRPE\VSHFLI\LQJ WKDW WKHVROLGVIORZUDWHDW WKH WZRVLGH
LQOHWVZDVHTXDOWRWKDWDWWKHWRSRXWOHWV>@
7KHFRPSXWDWLRQJHRPHWU\DQGJULGVRIWKHULVHULQWKLVZRUNZHUHJHQHUDWHGXVLQJ
WKH FRPPHUFLDO VRIWZDUH SDFNDJH *$0%,7  $ XQLIRUPJULG VFKHPH ZDV
DGRSWHG LQ ERWK WKH D[LDO DQG ODWHUDO GLUHFWLRQV DQG WKUHH JULG UHVROXWLRQV u 
 
FRDUVHJULGV u PHGLXPJULGV DQGu ILQHJULGV FRUUHVSRQGLQJ WR D
UHILQHPHQWIDFWRURIZHUHWHVWHG WRTXDQWLI\WKHVSDWLDOGLVFUHWLVDWLRQHUURUVRI WKH
VLPXODWLRQV7KHJULGDQDO\VLVUHVXOWVZLOOEHSUHVHQWHGLQ6HFWLRQ



























Solids inlet boundary condition  
6ROLGVIOX[GV>@ NJPāVNJPāVNJPāV
6ROLGVYROXPHIUDFWLRQİV 
Outlet boundary condition 
2XWOHWSUHVVXUHpJ 抜3D











GV  NJPǜV REWDLQHG IURP WKH FRDUVH PHGLXP DQG ILQHJULG VLPXODWLRQV
UHVSHFWLYHO\ %RWK WKH PHGLXP DQG ILQH JULGV UHVXOW LQ JRRG FRQVLVWHQF\ ZLWK WKH
H[SHULPHQWDOGDWDIURP/LDQG.ZDXN>@ZKLOHWKHFRDUVHRQHVOHDGWRPRUHREYLRXV









VJ V           
 
ZKHUH V  LV WKHVWDQGDUGGHYLDWLRQRI VROLGVYROXPH IUDFWLRQ IOXFWXDWLRQDW DJLYHQ
ORFDWLRQ sV  WKHVWDQGDUGGHYLDWLRQRIVROLGVYROXPHIUDFWLRQIOXFWXDWLRQIRUDQLGHDO
FOXVWHUIORZZLWKDFRQVLVWHQWWLPHDYHUDJHGVROLGVYROXPHIUDFWLRQDWWKHVDPHORFDWLRQ
DQGFRPSXWHGIURP
 s s s mf sV H H H          















EHWZHHQ WKH WZRSURILOHV LQ WKHEHGFHQWUHDQGQHDU WKHZDOO LQ WKH ORZHUSRVLWLRQV
8QGHUWKLVGHQVHVXVSHQVLRQFRQGLWLRQWKHVWURQJHUIORZKHWHURJHQHLW\QHDUWKHZDOOLV
UHODWHGWRWKHZDOOUHVWULFWLRQDQGWKHVKHDUH[HUWHGRQVROLGVIORZDQGWKHIRUPDWLRQRI
PRUH SDUWLFOH FOXVWHUV PRYLQJ DORQJ WKH ZDOO HVSHFLDOO\ LQ WKH ORZHU GHQVH UHJLRQ
0HDQZKLOHWKHOHVVKHWHURJHQHRXVGLOXWHVXVSHQVLRQLVFRQYH\HGXSZDUGLQWKHFHQWUDO
UHJLRQ 6XFK IORZ SDWWHUQ LV FRQVLVWHQW ZLWK WKDW GHGXFHG IURP WKH H[SHULPHQWDO







ORZHU WKDQ WKRVH LQ )LJXUH E VLQFH WKH VWURQJHU XSZDUG JDV IORZ DQG VROLGV
LQWHUDFWLRQV DWUJ PV LQKLELW WKH IRUPDWLRQRI SDUWLFOH FOXVWHUV DQGRWKHU IORZ
VWUXFWXUHV
:DYHOHWIODWQHVVIDFWRUV
7KURXJK VWDWLVWLFDO DQDO\VLV RI VROLGV YROXPH IUDFWLRQ IOXFWXDWLQJ VLJQDOV WKH
LQWHUPLWWHQF\LQGH[SURYLGHVDQµDYHUDJH¶GHVFULSWLRQRIIORZLQWHUPLWWHQF\ZKLFKLV





WKH UHODWLRQVKLSV EHWZHHQ WKH LQWHUPLWWHQF\ DQG YDULRXV IORZ EHKDYLRXUV DUH
FKDUDFWHULVHG 7KLV LV DQ DSSURDFK GLIIHUHQW IURP WKH LQWHUPLWWHQF\ LQGH[ IRU
XQGHUVWDQGLQJWKHIORZLQWHUPLWWHQF\0RUHVSHFLILFDOO\WKHPXOWLVFDOHLQWHUPLWWHQF\
LV FKDUDFWHULVHG E\ DQDO\VLQJ WKH IOXFWXDWLQJ VLJQDOV WKURXJK ZDYHOHW WUDQVIRUP
LQFRUSRUDWLQJ IODWQHVV IDFWRUV >@ 7KH IODWQHVV IDFWRU RI ZDYHOHW FRHIILFLHQWV
DEEUHYLDWHGDVZDYHOHWIODWQHVVIDFWRUKHUHLQDIWHUDWHDFKVFDOHLVFRPSXWHGIURP
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ZKHUHr UHSUHVHQWV WKHZDYHOHW VFDOH    rw t  WKHZDYHOHW FRHIILFLHQWDW VFDOHr DQG
 











FOXVWHUV ZKLFK VKRXOG WKHUHIRUH EH UHJDUGHG DV µFRKHUHQW VWUXFWXUHV¶ 0RUHRYHU DV
W\SLFDO FRKHUHQW VWUXFWXUHV LQ D EXEEOLQJ IOXLGLVHG EHG >@ SDUWLFOH YRUWLFHV DOVR
IUHTXHQWO\DSSHDULQWKHULVHU7KH\DUHJHQHUDWHGE\WKHYHORFLW\JUDGLHQWVDQGZDOO
VKHDUFDUU\LQJIORZHQHUJ\DQGKHWHURJHQHLW\,WLVWKXVORJLFDOWRFODVVLI\WKHSDUWLFOH
YRUWLFHV DV FRKHUHQW VWUXFWXUHV LQ WKH ULVHU DV ZHOO )LJXUH  VKRZV WKH VLPXODWHG
FRQWRXUVRILQVWDQWDQHRXVVROLGVYROXPHIUDFWLRQDQGVROLGVYHORFLW\YHFWRU7KHDUURZV
LQWKHILJXUHUHSUHVHQWWKHGLUHFWLRQVRIVROLGVPRWLRQDQGWKHYDOXHVRQWKHFRORXUEDU
VWDQG IRU WKH VROLGV YROXPH IUDFWLRQV 3DUWLFOH FOXVWHUV DQG SDUWLFOH YRUWLFHV DUH







YHORFLW\ YHFWRU WKH UHJLRQV ZLWK URWDWLQJ YHFWRU OLQHV RU VKDUS FKDQJHV RI YHFWRU













YDQLVKLQJ PRPHQWV DQG WKH JRRG ORFDOL]DWLRQ LQ VSDFH DQG VFDOH GRPDLQV WKH







IODWQHVV IDFWRU YDULDWLRQ ZLWK WKH IUHTXHQF\ DQG KHLJKW )RU WKH VDNH RI FODULI\ WKH
YDULDWLRQSURILOHVDUHGLYLGHGLQWRWZRJURXSVQDPHO\WKHORZHUDQGKLJKHUSDUWVRIWKH
ULVHU UHVSHFWLYHO\ ,QDGGLWLRQ WKHUHVXOWVDWKLJKHU WKDQ+]DUHH[FOXGHGDV WKH




LQWHUPLWWHQF\ $FFRUGLQJ WR WKH FDVFDGH WKHRU\ RI WXUEXOHQFH HQHUJ\ > @ VXFK
IUHTXHQF\VFRSHEHORQJVWRWKHHQHUJ\FRQWDLQLQJUDQJHDQGLQHUWLDOUDQJHZKHUHWKH
WHPSRUDO DQG VSDWLDO GLVWULEXWLRQV RI WKH ORZIUHTXHQF\ IOXFWXDWLRQ DUH UHODWLYHO\
 
XQLIRUP RZLQJ WR WKHLU ORQJHU SHULRGV $W WKH IUHTXHQFLHV KLJKHU WKDQ  +] LV WKH
GLVVLSDWLRQUDQJHLQZKLFKWKHZDYHOHWIODWQHVVIDFWRULQFUHDVHVILUVWVORZO\DQGWKHQ
UDSLGO\ ZLWK WKH IUHTXHQF\ 7KH IORZ LQWHUPLWWHQF\ LQ WKLV UDQJH LV VLJQLILFDQWO\
HQKDQFHGVLQFHWKHIORZHQHUJ\WUDQVSRUWIURPORZIUHTXHQFLHVODUJHVFDOHVWRKLJK












PRUH SDUWLFOH YRUWLFHV DUH LQGXFHG QHDU WKH ZDOO RZLQJ WR WKH LQFUHDVHG IORZ
KHWHURJHQHLW\DQGYHORFLW\JUDGLHQWVDQGWKHLULQIOXHQFHRQWKHIORZLQWHUPLWWHQF\LV
DOVR UHIOHFWHG IURP WKH ZDYHOHW IODWQHVV IDFWRU YDULDWLRQ ,Q DGGLWLRQ QR GLUHFW
UHODWLRQVKLSEHWZHHQWKHZDYHOHWIODWQHVVIDFWRUDQGKHLJKWLVH[KLELWHGSUREDEO\GXH
WR WKH FRPSOH[ HIIHFWV RI YDULRXV IORZ EHKDYLRXUV RQ WKH D[LDO GLVWULEXWLRQ RI IORZ
LQWHUPLWWHQF\
)LJXUHVKRZVWKHHIIHFWVRIVXSHUILFLDOJDVYHORFLW\RQWKHZDYHOHWIODWQHVVIDFWRU
YDULDWLRQZLWK WKH IUHTXHQF\DQGKHLJKW7KHHQHUJ\FRQWDLQLQJUDQJH LQHUWLDO UDQJH
DQGGLVVLSDWLRQUDQJHDUHDOVRFOHDUO\LGHQWLILHGZLWKDVLPLODUIUHTXHQF\GLYLVLRQDV
WKDW LQ)LJXUH:KHQWKHVXSHUILFLDOJDVYHORFLW\LQFUHDVHVWRPV WKHRYHUDOO











IRXQG WKDW WKH ORZIUHTXHQF\ UDQJH XS WR+] LQ DSUHVVXUHSRZHU VSHFWUXPZDV
UHODWHGWRVRPHPDFURVWUXFWXUHVLQWKHEHGVZKLOHWKHUDQJHVRI+]DQG




FRQWDLQ OLPLWHG LQIRUPDWLRQDERXWVROLGVPRWLRQ LQDIOXLGLVHGEHG ,Q WKLVZRUN WKH














$OWKRXJK WKH SRZHU VSHFWUD XQGHUGLIIHUHQW FRQGLWLRQV LQ)LJXUH KDYH VLPLODU
 








/HY\.ROPRJRURYODZ WKHGHFD\ LQGH[IRU WXUEXOHQFHIORZLVDQ LQGLFDWLRQRI IORZ




DQG  VLPLODU UHODWLRQVKLS EHWZHHQ WKH GHFD\ LQGLFHV LQ 7DEOH  DQG WKH IORZ
















   
   
   

 
 )LJXUH  IXUWKHU SUHVHQWV W\SLFDO SRZHU VSHFWUD QHDU WKH ZDOO XQGHU GLIIHUHQW










   
   







WKH VWDWLVWLFV DQG DUH XVXDOO\ UHODWHG WR IORZ LQWHUPLWWHQF\ >@ ,Q WKLV 6HFWLRQ WKH




DQG WKDW RI WKH GLVFUHWH ZDYHOHW WUDQVIRUP  disr  LV  disrconr   'XH WR WKH KLJK
FRPSXWDWLRQDOFRVWRIFRQWLQXRXVZDYHOHWWUDQVIRUPZLWKDKLJKGHFRPSRVLWLRQVFDOH
conr  LVXVHGIRUWKHGHFRPSRVLWLRQRIWKHVLPXODWHGVROLGVD[LDOIOXFWXDWLQJYHORFLW\
VLJQDOVEDVHGRQZKLFK WKH3')RIZDYHOHW FRHIILFLHQWV DW HDFK VFDOH LV FRPSXWHG
)LJXUHVKRZVWKH3')RIZDYHOHWFRHIILFLHQWVDWWKHZDYHOHWVFDOHVRI
DQGHPSOR\LQJUJ PVDQGGV NJPǜV:LWKWKHLQFUHDVHRIVFDOHWKH
3') EHFRPHV µZLGHU DQG VKRUWHU¶ LQGLFDWLQJ WKDW WKH RFFXUUHQFH SUREDELOLW\ RI WKH
 
VPDOO ZDYHOHW FRHIILFLHQWV HJ a GHFUHDVHV ZKLOH WKDW RI WKH ODUJH ZDYHOHW
FRHIILFLHQWVHJaFRUUHVSRQGLQJO\LQFUHDVHV7KLVLVRZLQJWRWKHKLJKHUIORZ
HQHUJ\ FDUULHG E\ WKH ORZHUIUHTXHQF\ IOXFWXDWLRQV %HVLGHV VLJQLILFDQW QRQVPRRWK
DQGDV\PPHWU\ZLGHWDLOVDUHH[KLELWHGLQ)LJXUHHVSHFLDOO\DWWKHVFDOHVDQG
ZKLFK DUH UHODWHG WR WKH FRPSOH[ HIIHFWV RI WKH TXDVLRUGHUHG FRKHUHQW VWUXFWXUH
EHKDYLRXUVRQIORZLQWHUPLWWHQF\DVWKH0H[LFDQKDWZDYHOHWDFWVDVDµSUREH¶IRUWKH
GHWHFWLRQ RI FRKHUHQW VWUXFWXUHV LQ WKH IOXFWXDWLQJ VLJQDOV &RPSDUHG )LJXUH D WR
)LJXUHEZLWKWKHLQFUHDVHRIUDGLDOGLVWDQFHWKHZLGHWDLOVDUHEURDGHQHGDQGWKH
ODUJHVWQHJDWLYHDQGSRVLWLYHZDYHOHWFRHIILFLHQWVLQWKHZLGHWDLOVPDUNHGO\LQFUHDVH




$SDUW IURP WKH LQWHUPLWWHQF\ LQGH[ LW LV SRVVLEOH WR UHODWH WKH 3') RI ZDYHOHW
FRHIILFLHQWV ZLWK WXUEXOHQW JUDQXODU WHPSHUDWXUH D K\GURG\QDPLF SDUDPHWHU GHULYHG
IURPWKHVLPXODWHGVROLGV IOXFWXDWLQJYHORFLW\VLJQDOVDQGVWURQJO\GHSHQGHQWRQ WKH









  turbulent y y x x z zv v v v v vT          
ZKHUH 
yv  
xv  DQG 









 yturbule xynt xv v v vT          
)LJXUHVKRZVWKHD[LDOSURILOHVRIWXUEXOHQWJUDQXODUWHPSHUDWXUHDWGLIIHUHQWUDGLDO
SRVLWLRQV HPSOR\LQJ UJ  PV DQG GV  NJPǜV 7KH WXUEXOHQW JUDQXODU
WHPSHUDWXUHLQWKHEHGFHQWUHEDVLFDOO\UHPDLQVXQFKDQJHGZKLOHWKDWQHDUWKHZDOOLV





WKH ZDOO DW GLIIHUHQW KHLJKWV 6LQFH WKH FRKHUHQW VWUXFWXUH EHKDYLRXUV DUH PDLQO\
UHIOHFWHGDWODUJHUVFDOHVWKHUHVXOWVDWWKHVFDOHVRIDQGZHUHDGRSWHGIRU
DQDO\VLV )LJXUH D VKRZV WKDW WKH ZLGH WDLOV DW r  DQG r  ZLWK GV 
NJPǜV EDVLFDOO\ FRYHU WKRVH ZLWK GV  NJPǜV ZKLOH WKH WZR ZLGH WDLOV DW
r  LQWHUVHFW HDFKRWKHU$V WKH IORZ LQWHUPLWWHQF\DQGFRKHUHQW VWUXFWXUHPRWLRQ
ZHUH DOUHDG\ SURYHQ WR EH VWURQJHU DW WKH KLJKHU VROLGV IOX[ LW LV GHGXFHG WKDW WKH
LQIOXHQFHRIFRKHUHQWVWUXFWXUHEHKDYLRXUVRQWKHIORZLQWHUPLWWHQF\LVDFRPSURPLVHG
UHVXOWIURPGLIIHUHQWVFDOHVIUHTXHQFLHV,Q)LJXUHEWKHZLGHWDLOVDWDOOWKHVFDOHV
ZLWK GV  NJPǜV EDVLFDOO\ FRYHU WKRVH ZLWK GV  NJPǜV VKRZLQJ
LQFUHDVHGSUREDELOLW\ZLWKWKHVROLGVIOX[
)LJXUHSUHVHQWV WKHHIIHFWVRIVXSHUILFLDOJDVYHORFLW\RQ WKH3')RIZDYHOHW
FRHIILFLHQWVQHDUWKHZDOO$Wh PWKHWZRZLGHWDLOVZLWKUJ PVDQGUJ 
PVLQWHUVHFWHDFKRWKHUDWDOOWKHVFDOHVVLPLODUWRWKRVHLQ)LJXUHD:KLOHDWh 























WKDW DW WKH KLJK VROLGV YROXPH IUDFWLRQ LQFUHDVHV ZLWK D VPDOO SHDN HYHQ DSSHDULQJ








VLPLODU WUHQGV LQGLFDWLQJ FRQVLVWHQW LQIOXHQFH RI WKH RSHUDWLRQ FRQGLWLRQV RQ VROLGV
YROXPHIUDFWLRQDWGLIIHUHQWKHLJKWV0RUHRYHUWKHPD[LPXPVROLGVYROXPHIUDFWLRQV
DWUJ PVGV NJPǜVDQGDWUJ PVGV NJPǜVERWKGHFUHDVH
ZLWK WKHKHLJKWRZLQJ WR WKHFRH[LVWHQFHRIDGHQVH UHJLRQDW ORZHU ORFDWLRQVDQGD
GLOXWH UHJLRQ DW KLJKHU ORFDWLRQV +RZHYHU WKH PD[LPXP VROLGV YROXPH IUDFWLRQ DW




SDUWLFOHV KDYH EHHQ FKDUDFWHULVHG WKURXJK WKH (006EDVHG &)' VLPXODWLRQ DQG
IOXFWXDWLQJVLJQDODQDO\VLV7KHIRUHPRVWLPSRUWDQWFRQFOXVLRQGUDZQIURPWKLVZRUNLV




EH FRKHUHQW VWUXFWXUHV LQ WKH ULVHU 6SHFLILFDOO\ WKH LQWHUPLWWHQF\ LQGH[ JHQHUDOO\
LQFUHDVHVZLWKWKHUDGLDOGLVWDQFHDQGVROLGVIOX[DQGGHFUHDVHVZLWKWKHVXSHUILFLDOJDV
YHORFLW\$FFRUGLQJWRWKHZDYHOHWIODWQHVVIDFWRUGLVWULEXWLRQZLWKIUHTXHQF\WKHIORZ
ILHOG LQ WKH ULVHU LV GLYLGHG LQWR WKH HQHUJ\FRQWDLQLQJ UDQJH LQHUWLDO UDQJH DQG
GLVVLSDWLRQUDQJH7KHZDYHOHWIODWQHVVIDFWRUVDWKLJKHUWKDQ+]UHSUHVHQWLQJWKH
IORZLQWHUPLWWHQF\LQWKHZKROHVSHFWUXPLQFUHDVHZLWKWKHVROLGVIOX[DQGGHFUHDVH
ZLWK WKH VXSHUILFLDO JDV YHORFLW\ 7KUHH VHJPHQWV DUH DOVR LGHQWLILHG LQ HDFK SRZHU
VSHFWUXP RI VROLGV YROXPH IUDFWLRQ IOXFWXDWLRQ ZKLFK LV FRQVLVWHQW ZHOO ZLWK WKH
GLYLVLRQRIIUHTXHQF\UDQJHEDVHGRQWKHZDYHOHWIODWQHVVIDFWRUGLVWULEXWLRQ7KHGHFD\








WKDW WKH LQIOXHQFH RI FRKHUHQW VWUXFWXUH EHKDYLRXUV RQ WKH IORZ LQWHUPLWWHQF\ LV D
FRPSURPLVHGUHVXOWIURPGLIIHUHQWVFDOHV0RUHRYHUWKH3')RIVROLGVYROXPHIUDFWLRQ
ZKLFK LQGLFDWHV WKH IORZ SDWWHUQ DQG IORZ VWUXFWXUH EHKDYLRXUV LQ WKH ULVHU LV
VLJQLILFDQWO\ EURDGHQHG ZLWK WKH VROLGV IOX[ DQG QDUURZHG ZLWK WKH VXSHUILFLDO JDV
YHORFLW\7KHUHVXOWVSUHVHQWHGLQWKLVSDSHUKDYHGHPRQVWUDWHGWKDWWKH(006EDVHG
&)'VLPXODWLRQ LQFRPELQDWLRQZLWK IOXFWXDWLQJ VLJQDODQDO\VLVSURYLGHDQ LQGHSWK
XQGHUVWDQGLQJRIWKHIORZLQWHUPLWWHQF\DQGFRKHUHQWVWUXFWXUHFKDUDFWHULVWLFVLQDULVHU




7KH DXWKRUV ZRXOG OLNH WR DFNQRZOHGJH WKH VXSSRUW RI 1HZWRQ ,QWHUQDWLRQDO





































































>@'*LGDVSRZ5%H]EXUXDK -'LQJ+\GURG\QDPLFVRI FLUFXODWLQJ IOXLGL]HGEHGVNLQHWLF














>@ - 6]LODJ\L ** .DWXO 0% 3DUODQJH -' $OEHUWVRQ $7 &DKLOO 7KH ORFDO HIIHFW RI
LQWHUPLWWHQF\RQWKHLQHUWLDOVXEUDQJHHQHUJ\VSHFWUXPRIWKHDWPRVSKHULFVXUIDFHOD\HU%RXQG/D\
0HWHRURO
>@ ;* 0D ) +X5HILQHG VWUXFWXUHRI HQHUJ\ VSHFWUXP DQG HQHUJ\ FDVFDGH LQ DWPRVSKHULF
WXUEXOHQFH&KLQHVH-RXUQDORI*HRSK\VLFV





>@ 5 =DUJKDPL 1 0RVWRXIL 5 6RWXGHK*KDUHEDJK 1RQOLQHDU &KDUDFWHUL]DWLRQ RI 3UHVVXUH
)OXFWXDWLRQVLQ)OXLGL]HG%HGV,QG(QJ&KHP5HV







>@ % &KDOHUPVLQVXZDQ ' *LGDVSRZ 3 3LXPVRPERRQ 7ZR DQG WKUHHGLPHQVLRQDO &)'








WKHZDOOR PPXQGHUGLIIHUHQWFRQGLWLRQVDUJ PVGV NJPǜVE
UJ PVGV NJPǜVFUJ PVGV NJPǜV
)LJXUH  6LPXODWHG FRQWRXUV RI LQVWDQWDQHRXV VROLGV YROXPH IUDFWLRQ DQG VROLGV







)LJXUH  3RZHU VSHFWUD RI VROLGV YROXPH IUDFWLRQ IOXFWXDWLRQ QHDU WKH ZDOO XQGHU
GLIIHUHQWFRQGLWLRQVR PPh P
)LJXUH3')RIZDYHOHWFRHIILFLHQWVDWGLIIHUHQWZDYHOHWVFDOHVDQGUDGLDOSRVLWLRQV








WKHZDOOR PPDh PEh P
)LJXUH  3') RI VROLGV YROXPH IUDFWLRQ DW GLIIHUHQW UDGLDO SRVLWLRQV h  P
UJ PVGV NJPǜV
)LJXUH  3') RI VROLGV YROXPH IUDFWLRQ QHDU WKH ZDOO XQGHU GLIIHUHQW FRQGLWLRQV
R PDh PEh P

